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ABSTRACT 

The two-component emission model to explain the plateau phase of the X- 
ray afterglows of gamma-ray bursts (GRBs) is proposed. One component, which 
is responsible for the plateau and subsequent normal decay phase of the X-ray 
afterglow, is the prior emission via outflow ejected from the central engine before 
the main burst. The other is the main outflow, which causes the prompt GRB 
emission and the initial steep decay phase of the X-ray afterglow. In this model, 
the transition from the plateau to the subsequent normal decay phase is an 
artifact of the choice of the zero of time. For events with distinct plateau phase, 
the central engine is active 10 3 -10 4 sec before the launch of the main outflow. 
According to this model, a prior emission in the X-ray and/or optical bands 10 3 - 
10 4 sec before the prompt GRB emission is possibly seen, which will be tested 
by near-future instruments such as Monitor of All-sky X-ray Image (MAXI), 
WIDe-field telescope for GRB Early Timing (WIDGET), and so on. 

Subject headings: gamma rays: bursts — gamma rays: theory 



Introduction 



The X-Ray Telescope (XRT) onboard Swift has revealed complex tem poral behavior 



of the X-ray afterglows of gamma-ray bursts (GRBs) in the first few hours (IBurrows et al. 



2005 



Tagliaferri et al 



Zhang et al.l 120071 : iLiang et al 



2005 



2007 



Nousek et al.l 12009 : lO'Brien et al.ll2006l : IWillingale et al.ll2007l : 



20081 ). This time window had been largely unexplored 



before the Swift era, and studies of early afterglows have revealed many questions concerning 
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e.g., 



Zhang et al. 


2006; 


Zhang 


2007) 



Early X-ray afterglows h ave three phase jjj which was no t predicted by the standard 
model from the pre- Swift era JNousek et al.lbood : [ Zhand 120071 ) . Phase I: initial steep decay 
phase. Initially, the X-ray afterglow decays very st eeply; the most popular int e rpretation is 



that this is the tail emission of the prompt G RB (iKumar fa Panaitescul I200CH : IZhang et al. 



2006; Yamazaki et al. 



2006 



Zhang et al.l 120091 ). although other possibilities have been pro- 



posed (e.g. JZhang et al.ll2007l ). Phase II: plateau phase. At several hundreds of seconds after 
the burst trigger, this phase begins until ~ 10 3 -10 4 sec, whose origin is quite uncertain. This 
is the main topic of this Letter. Phase III: normal decay phase. After the plateau phase 
ends, the X-rays subsequently decay with the decay index usually steeper than unity, as 
expected in t he we-Swift era. This decay behavior is well explained by the classical external 
shock model (ISari et al.lll998l ). in which neither the delayed energy injection nor the time 
dependency of shock microphysics is considered. 

Phase II is the most enigmatic in early X-ray afterglow s. So far, various kinds of models 



have been proposed such as the energy injection model (jNousek et al.l 120061 ; IZhang et al. 



2006; iGranot fa Kumar 
2006 



Eich 



(lloka et al 



er fa Granot 



2006 



2006) 



2006 



the inhomogeneous or two- component jet model (IToma et al. 



Granot et al 



2006 



engine model (IGhisellini et al. 



scattering model (IShao fa Dai 



Granot et al.l 120061). the ti me-dependent microphysics model 



Fan fa Piranl 120061 ) , th e reverse shock- dominated af- 



terglow model (|Genet et all 120071). the prior activity model flok a et al 



2007 ). the cannonball model (IDado et al 



2006|), the internal 
2006h . and the dust 



20071 ). In this Letter, another model of phase II is proposed. 



2. Two-component Emission Model 

As described in the following, we consider a two-component emission model in which a 
prior and the main outflows emit X-rays independently (see fig. [T]). One component is the 
prior emission via outflow ejected from the central engine before the main burst. This is 
responsible for phases II and III of the X-ray afterglow. This emission component arrives 
at the observer before the main burst triggering prompt GRB detectors (i.e., the onset of 
GRB) such as BAT onboard Swift. It decays with time simply in a single power-law form 

f (t) = A r ao , (l) 



For simplicity, the X-ray flares are not considered in this Letter. 
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where Aq is a constant and the time coordinate, t, is measured in the rest frame of the 
observer. The epoch t = is taken around the time of arrival at the observer of the (unseen) 
information of the launch of the outflow at the central engine. This k i nd of a choice of the 



time zero is seen in many references (e.g., iPanaitescu fc Kumar! |2000| ; iKobayashi fc Zhang 



20071 ). The origin of the prior emission, / , is not discussed in detail here. It can be either 



internal engine activity or external shock emission of the outflow. 

We set an observer time, T, where T = corresponds to the onset of the prompt GRB. 
The interval between the time t = and T = is assumed to be T seconds, that is, 
t = T + To. Then, one obtains 

f (T) = A (T + T )- a ° , (2) 

which becomes constant if T <C T , while /q oc T~ a ° when T ^> T . In order to explain 
phases II and III of the X-ray afterglow, T should be 10 3 -10 4 sec, and a should be the 
temporal decay index of phase III. It is noted that the onset time of the prior emission is 
unknown. The first detectable X-rays from the prior component arrive at the observer in the 
time range < t < T (— T < T < 0). This fact will be further discussed in § 13.51 Another 
remark is that from Eq. ([2]) alone, the introduction of T shifts the origin of time. It has 



been known that, for phase I, the choice of time zero affects the decay slope (IZhang et al. 



20061 ; lYamazaki et al.ll2006l ). The same argument for phase II is used for the first time in 



this Letter. 

The other component is the main outflow, which causes the prompt GRB emission and 
the subsequent phase I of the X-ray afterglow. With time coordinate T, phase I of the X-ray 
afterglow is well approximated by a single power-law model given by 

f 1 (T)=A 1 T^ , (3) 

where A\ is a constant and a.\ ~ 3 — 6. 

The whole light curve of the X-ray afterglow from phase I to III is described by the sum 
of the two components introduced above, that is, 

f(T) = f Q (T) + /i(T) 

= A (T + T )- ao +A 1 T~ ai . (4) 

This is our formula for observed X-ray afterglows, where fo{T) describes phases II and III, 
while fi(T) fits phase I. 

We find that by choosing appropriate values of the parameters, ao, oti, T , A , and A\, 
the observed light curves of X-ray afterglows are well described with Eq. (jl]). Figure [2] shows 
some examples of the fit. 
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It is not surprising that our formula, Eq. (j3j), well explains the observational results of 
X- ray afterglows. The fun ctional form of Eq. (j2J) is a good approximation of that introduced 
bv lWillingale et all J2007h : 



fa(T) 



F a exp[a a (l - T/T a )] exp(-t a /T) , T <T a 
F a (T/T a )~ aa exp(-t a /T) , T a <T 



(5) 



They have shown that the observed light curves of phases II and III are well fitted with 
Eq. (jHJ). The function f a (T) becomes constant with T if t a <C T <C T a , while f a oc T~ aa if 
T a <C T. This behavior is quite similar to that of fo{T). Indeed, one can find that over a 
wide parameter range, f a (T) « fo{T) for t a <C T if we take t a «T a « T and a a ~ a . 



Discussion 



3.1. Overall shape of the X-ray afterglow 



In this Letter, we have seen that for most events, phases II and III of the observed 
light curves of the X-ray afterglow can be well fitted with a very simple formula, Eq. 
In particular, the observational facts are that for most events, the transition from phase II 
to III is slow and fairly smooth, and that the X-ray spectrum remains unchanged across 
the transition (INousek et al.ll2006l ); this can be naturally explained by our model because 
the transition from phase II to III is an artifact of the choice of the time zero. A typical 
excep tion is GRB 0701 10; at the end of the plateau phase II, the light cu rve shows an abrup t 
drop (ITroja et al.ll20071 ). Such events may need other explanations (e.g.. lKumar et al.ll2008l ). 



After phase III, subse quent fourth phase is occasionally observed: the so called post 
jet break phase (Phase IV; IZhangi 120071 ). I ts typical decay index is ~ —2, satisfying the 
predictions of the jetted afterglow model (ISari et al.l I1999T ). This phase IV can also be 
clearly seen in our sample (e.g., GRB 060428A; upper right of Fig. [2]). If the prior emission 
is from an external shock of the prior outflow, the jetted afterglow model is applied to the 
present case. As will be discussed in § 13.41 the origin of the optical afterglow is different from 
the X-ray one, which explains the fact tha t the epoch of the jet break in the X-ray band is 
not generally the same as the optical one (jSato et al.l 120071 ; iLiang et al.l 120081 ) . 



3.2. Observed / (T ) - T Correlation 



Sato et al.l (120081 ) investigated the characteristics of the transition from phase II to 
III for 11 events with known redshifts. They derived the transition time, T° rk , and the 
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isotropic luminosity at that time Lx,end, and found that Lx,end is well correlated with T° rk as 
-^x,end oc (T® rk )~ lA . They adopt a broken power-law form to fit the light curve in phases II 
and III which is different from that considered in this Letter. However, we expect that their 
T° rk and Lx,end roughly correspond to T and fo(T ), respectively, that are considered in §[2j 
Indeed, one finds fo(T ) oc T^ a ° from Eq. Hence, if «o ~ 1-4 which i s a typical numbe r 
for the decay index of phase III, we can reproduce the observed result of ISato et al.l (120081 ). 



A similar analysis has been done but with Eq. §5§ as the fitting formula (IDainotti et al. 



20081 ). For 32 events with measured redshifts, they found a correlation between T a and the 
X-ray luminosity at the time T a , Lx(T a ), as Lx(T a ) oc with (3 = 0.6-0.74. Since T a pa T 
and L x {T a ) pa fo(T ), their correlation indicates fo(T ) oc T _/3 . The index f3 is smaller than 
the typical value of an (~ 1.0-1.5). Ho wever, the claimed correlation has large scatter (see 
Figures 1 and 2 of lDainotti et al.ll2008l ). which may be explained by the scatter of an in our 
model. 



There is a difference between the results of ISato et al.l (120081 ) and IDainotti et al.l (120081 ). 
At present, the number of events with known redshifts may be small, so this discrepancy 
may be resolved if the number of events increases. 



3.3. Link between T and the Prompt Emission Properties 



Nava et al.l (120071 ) studied the properties of prompt emission and X-ray afterglows of 23 
GRBs with known redshifts. They adopted Eq. ([5]) in fitting phases II and III of the X-ray 
afterglow, and found that for events with measured spectral peak energy E p , the time T a 
weakly correlates with the isotropic eq u ivalen t energy -E 7i i SO of the prompt GRB emission. 
One can find from Fig. 6 of iNava et al.l ( 20071 ). that T a seems to be roughly pro portional to 



- £L j sn . At present, this correlation is not firmly established because as noted by INava et al. 



(120071 ). there are no correlation between T a and the isotropic equivalent energy of prompt 
GRBs in the 15-150 keV band for a larger sample of GRBs with known redshift but unknown 
E p (hence without fc-correction). 



The quantity E lj j BO correlates with E p (lAmati et al.ll2002l ). Hence, if the T a -i? 7iiso corre 



lation exists, the bright GRBs with large E ltiso and E p have large T a , which is responsible for 
the distinct plateau phase. On the other hand, the X-ray fl ashes or X-ray-rich GRBs (e.g., 
Heise et al.ll200ll ; iBarraud et al.ll2003l ; ISakamoto et al.ll2008l ) have small T a ( pa T n ), and hav e 



X-ray afterglow without phase II. This tendency could have been seen in ISakamoto et al. 

(boosh . 



The above arguments may lead a link between long GRBs and X-ray flashes/X-ray-rich 
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GRBs. Suppose that the outflow ejection is not continuous but intermittent, i.e., the central 
engine ejects two distinct outflows with a time interval of ~ T . Just after the launch of 
the prior outflow, the central engine does not have enough energy for another outflow, so 
that it needs to store an additional one. During the time interval ~ T , matter surrounding 
the central engine is accreted, increasing the gravitational binding energy. This energy is 
released as the main outflow causing the prompt GRB. It is expected that the larger is T , 
the larger is the stored gravitational energy, resulting in a brighter burst with large E 7) i so . 
On the other hand, if T is small the energy of the main outflow becomes small; this is 
responsible for the X-ray flash or X-ray-rich GRBs. Further details will be discussed in the 
near future. 



3.4. External Shock Emission from the Main Outflow 



The main outflow that is responsible for the prompt GRB might cause external shock 
X-ray emission, fx,ext(T). In the present two-component emission model, however, fx,ext(T) 
must be dimmer than the prior X-ray emission fo(T) throughout phases II and III. Let us 
consider the simplest model of external shock emission of the main outflow. The relativisti- 
cally expanding shell with energy Ek interacts with the surrounding medium with uniform 
density nfl and emits sync hrotron radiation with microphysics parameters at the shock, p, 
e e , and Eb (ISari et al.lll998l ). Then, in the case of slow cooling and v c <v X -, the X-ray light 



curves are analytically calculated as fx,p.xt(T) oc E ^ +2 ^ 4 e^ 1 Eg ^T^ 2 3p ^ A v x p ^ 2 , which is 



independent of n (e.g.. iPanaitescu fc Kumarll2000l ). If p ~ 2, then fx,ext(T) hardly depends 



on Eb- Before the Swift era, typical values had been E K ~ 10 -10 erg, E e ~ 10 , and 
Eb ~ 10~ 2 so that the external shock emission reproduced the observed late-time X-ray 
afterglow. In the present case, fx,e*t(T) must be dim, which implies small E K and/or e e . A 
similar discussion was made by iGhisellini et al.l (120071 . 120081 ). In some models, such as the 
energy injection model and the inhomogeneous jet model, prompt GRB emission needs high 
radiation efficiency, which is defined by £ 7 = E 7i ^ n / (E 7i ^ n + E K ), because E K is small at 



the epoch of the promp t GRB emission (IFan &: Piranl 120061 ; iGranot et al.l 120061 ; lloka et al. 



20061 ; IZhang et al.l 120071 ) . As discussed here, fx,ext{T) can be dim if E e is small while Ek 



remains large, ~ 10 -10 erg. Hence, the present model could avoid a serious efficiency 
problem. On the other hand, if Ek of the outflow is small, the efficiency e 7 should be high. 
Then the mechanism of prompt GRB emission is unlike a classical internal shock model (e.g., 



2 Since the prior outflow may modify the circumburst medium density profile, the external shock emission 
from the main outflow deviates from the case of a uniform density profile. Nevertheless, we adopt the uniform 
density model here for the simplicity. 
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Thompson et al.l 120071 : lloka et all 120071 ). 



The observed optical afterglow comes mainly from the prior outfl ow. For some events , 
the rising part of the early optical afterglow proceeds until T ~ 10 2 sec ( IMolinari et al.ll2007l ). 
which is difficult to explain with prior emission. In the case of prior emission, the time zero 
would be shifted To ~ 10 3 -10 4 sec before the burst trigger, making the light curve extraor- 
dinarily spiky. Furthermore, in most cases, the transition from pha se II to HI is chromatic , 
i.e., the optical light curves do not sh ow any break at that epoch (jPanaitescu et al.l 120 06). 



altho ugh there exist a few exceptions (ILiang et al.l 120071 : iGrupe et al 



2007 



Mangano et al. 



20071 ). Hence, at least in the early epoch, the observed optical afterglow arises from the main 
outflow component or others, most likely an external shock emission. Indeed, there have been 
some observational facts that indicate different origin s of X-ray and optical afterglows (e.g., 
Oates et alJl2007i : ISato et al.l 120071 ; lUrata et al.ll2007l )R 



3.5. Predicted Precursor Emission? 



A possible prediction of the present model is a bright X-ray precursor before the prompt 
GRB emission. Let us assume that the prior X-ray emission starts at t ~ 10 2 sec, although 
its onset time is fairly uncertain (see § [2]). Then, from Eq. ([T]), the X-ray flux in the 2- 
10 keV band is estimated as f (t) ~ 4 x 10~ 9 (t/10 2 s)~ L2 erg s _1 cm~ 2 , where a ~ 1.2 
is taken as a typical value and the flux norm alization constant An is determined so that 
/o ~ 1 x 10 -12 erg s~ 1 cm~ 2 at t ~ 10 5 sec (IGendre et all |2 0081 ). Such emission will be 
detected by Monitor of All- sky X-ray Im age (MAXI)@. The expected event rate should be a 
few events per year (jSuzuki et al.ll2008l ). 



However, if the emission starts with t ~ 10 2 s, the predicted flux might be large enough 
to be detected by current instruments like BAT onboard Swift. In order to avoid this prob- 
lem, the starting time of the emission should be comparable to or later than t ~ 10 3 sec 
so that the peak flux is smaller than the detection limit of the prompt GRB emission mon- 
i tors. One possibility i s off-axis jet emission in the context of the external shock model 
(IGranot fc Kumar! 120031 ; lGranotll2005l ). Due to the relativistic beaming effect, the observed 
X-ray emission is dim as long as the bulk Lorentz factor of the emitting outflow is larger than 
the inverse of the angle between the emitting matter and the observer's line of sight. This 



3 One may expect that the optical emission also arises from the prior outflow. However, it may be 
outshone by the main outflow component at least in the early epoch. This condition will constrain the 
mechanisms of the prior X-ray emission as well as the optical one. 

4 http : / / www-maxi . tksc . j axa . j p / indexe . ht ml 
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effect shifts the peak time of the X-ray emission toward the later epoch. For an appropriate 
choice of parameters, we may adjust the starting time (the peak time) of the X-ray emission. 

A signal of the onset of the prior emission might also be seen in the optical band. If 
the prior emi ssion is extremal sh ock origin, the reverse shock emission might cause a bright 
optical flash (ISari fe Piranlll999l ). So far, for some events, WIDGET0 has given observational 
upper limit on the prior optical emission, V > 10 mag, about 750 seconds before the prompt 
emission (e.g.. lAbe et al.l 120061 ) . Further observations will constrain the model parameters. 
In summary, in order to test the model presented in this Letter, the search for a signal in 
the data of sky monitors in the optical and X-ray bands is crucial. 
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Fig. 1. — Schematic diagram of the model presented in this Letter. In terms of the coordinate 
t, the prior emission component f (t) takes a single power-law form throughout the burst, 
but in terms of T(= t — T ), the function fo(T) has an artificial plateau phase (see the text 
for details). 
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Fig. 2. — Comparison of the observed light curves of X-ray afterglows with Eq. (jlj), where 
all phases I, II, and III are well described. The adopted parameters are (ao, «i, T ) = 
(1.2, 7.0, 8000 sec), (1.0, 4.0, 5000 sec), (1.4, 4.0, 7000 sec), and (1.6, 5.5, 4000 sec), for 
GRB 051016B, 060428A, 060814, and 061121, respectiv ely. Data of X-ray afterglows are 
taken from the Swift online repository (jEvans et al.l 120071 ). 



